This study describes the Dgad1 gene, DGAD1 protein
The ability of head extract from adult heterozygotes to convert glutamate to GABA was measured biochemically. Animals heterozygous for L352F and G373S have only half-normal activity, compared to controls with the same genetic background. (N ϭ 3-8 assays/strain; triple asterisk indicates p Ͻ 0.001). These findings suggest that both mutants are functional nulls.
hr AEL, 25ЊC) (Figures 3A-3C). Gad immunoreactivity is observed in both neuronal cell bodies and axons.
Embryos homozygous for Df(3L)C175, a small deficiency that removes Dgad1, show no immunoreactivity, confirming the specificity of the DGAD1 antibodies. Surprisingly, GAD is also present in presynaptic boutons at the larval NMJ ( Figure 3D ). Staining with two independent GAD antibodies showed clear GAD localization to all classes of NMJ boutons in third instar larvae ( Figure  3D ). This includes expression in the large type I boutons GAD protein localization in the Drosophila NMJ is extremely surprising, since Drosophila NMJ transmission (100 mM) directly onto the NMJ of both embryos and utilizes only glutamate, not GABA. No clear evidence for third instar larvae while voltage clamping the postsynap-GABA or GABAergic transmission at the Drosophila NMJ tic muscle. We saw no evidence for a fast (milliseconds) has ever been presented. Nevertheless, we searched or slow (seconds) GABA-triggered current in either emfor evidence of GABA and GABA receptors at the Drobryos ( Figure 4C ) or larvae ( Figure 4B ) (N ϭ 8 embryos sophila NMJ using both immunohistochemistry and and 4 larvae). Application of 100 mM GABA also had no electrophysiology and found none. detectable short-term (seconds to minutes) effect on First, we determined localization of glutamate and either the frequency or amplitude of spontaneous gluta-GABA neurotransmitters in Drosophila third instar larvae mate-mediated activity ( Figure 4D ). Similarly, voltageby using antiglutamate and anti-GABA primary antibodclamp experiments with bath application of the GABA ies with fluorescent secondary antibodies visualized by receptor pore antagonist picrotoxin (1 mM) showed no confocal fluorescent microscopy ( Figure 4A ). As in previdetectable effect on spontaneous activity, evoked EJC ous studies, we observed that glutamate is clearly abunamplitude, or muscle response to high frequency (20-80 dant at the Drosophila NMJ, but no anti-GABA immunoHz) stimulation in third instar larvae ( Figure 4E , N ϭ 3). reactivity is visible at the NMJ, despite obvious staining These observations are consistent with the lack of any in the CNS of the same animals (N ϭ 5).
previous evidence supporting GABA as a neurotransmitNext, to test for GABA receptors at the Drosophila ter at the Drosophila neuromuscular junction. We conclude that, based on the results of others as well as NMJ, we pressure ejected a high concentration of GABA uncoordinated and contract their entire body in response to touch rather than initiating typical peristaltic "crawling" movements. Uncoordinated full-body contraction ("shrinker phenotype") is a distinctive locomotory behavior used to identify C. elegans mutants with defective GABAergic transmission (McIntire et al., 1993) but has not been previously described in Drosophila. Gross morphology of the Drosophila gad mutants is completely normal, with no defects visible by light microscopy. Muscle shape, patterning, and innervation are normal. The gut and segmental patterning of the epidermis and denticle belts appear normal, and the CNS appears properly formed. At 22-24 AEL, trachea are inflated. Overall, mutant embryos appear visually indistinguishable from WT, except for the obvious movement abnormalities described above.
Immunohistochemistry and fluorescent confocal microscopy show no morphological abnormalities of the gad mutant neuromuscular junction ( Figure 5 ). The site of innervation is normal, presynaptic branching is typical, and bouton number is unaltered. Antibodies to the pre-and postsynaptic markers cysteine string protein (csp) and Discs-large (DLG) reveal that these proteins are expressed at normal levels and localized correctly (5-15 embryos of each of 3 different alleles examined; example data in Figure 5 ). We conclude that NMJ anatomy is normal and that other pre-and postsynaptic markers of differentiation are expressed normally and localized correctly.
Electrophysiology Reveals a Defective Postsynaptic Glutamate Receptor Field in gad Mutants
Electrophysiological analysis of neuromuscular function in mature (22-24 hr AEL, 25ЊC) embryos revealed that homozygous Dgad1 mutant animals display a severe disruption in neurotransmission ( Figures 6A and 6B) . In L352F and G373S mutants, evoked excitatory junctional currents (EJCs) are reduced to ‫%51ف‬ of normal ampli- apparent alteration of receptor kinetics in mutant G373S ( Figures 6B and 6D) is not known. These experiments indicate that the defect in synaptic transmission is enour own immunohistochemistry and electrophysiology, tirely due to a reduction in postsynaptic receptor GABA is not a neurotransmitter at the Drosophila NMJ. current. To determine whether the receptor current reduction was due to a change in receptor conductance or a Gross Phenotype of Dgad1 Mutants Homozygous Dgad1 mutant embryos removed manually change in the number of functional receptors, we quantified single channel amplitudes of junctional receptors from the egg are, like the few larvae that hatch, severely by measuring the step size on the falling phase of sponresponse to application of glutamate to the center of each muscle. As expected, applying glutamate centrally, taneous synaptic currents (Nishikawa and Kidokoro, 1995) . Single-channel glutamate receptor current ampliat the site of synaptic contact ( Figure 6G ), generated the largest currents. When glutamate was applied to tude did not differ between WT and gad mutants ( Figures  6E and 6F) . Therefore, the reduction in receptor current either end of the muscle, the response was reduced to about 40%. As shown in Figure 6G , the ratio of extrasynmeasured in GAD mutants is due to a reduced number of functional postsynaptic glutamate receptors. aptic to synaptic receptors is not significantly different between WT and L352F. These data show that the synThe number of functional receptors is ‫04-52ف‬ receptors for the mutants, compared to 100-200 for WT (reaptic defect is not due to glutamate receptor mislocalization. We conclude that the NMJ defect in gad mutants ceptor number calculated by dividing macroscopic current amplitude by single channel amplitude). This is due to dramatically fewer postsynaptic glutamate receptors at an otherwise normal neuromuscular junction. reduction in glutamate response is comparable to the overall defect in neurotransmission (compare Figures  6A and 6C ). G373S/Df(C175) embryos show a similar Is the DGAD1 Mutant Phenotype due to Changes reduction in receptors (441 Ϯ 131 pA, N ϭ 5, p Ͻ 0.001), in CNS Activity or a Novel Role for GAD suggesting (along with the data in Figure 2 ) that the point within the Motor Neuron? mutations result in a complete loss of GAD function.
In both vertebrates and Drosophila, postsynaptic develConsistent with this reduction in the number of synaptic opment is affected by presynaptic electrical activity. glutamate receptors, the amplitude of spontaneous synDrosophila, like many other animals, use GABA as a aptic activity is significantly reduced in the mutants key inhibitory neurotransmitter in the CNS (Hosie et al., (WT ϭ 139 Ϯ 21 pA, N ϭ 13; L352F ϭ 71 Ϯ 17 pA, N ϭ 1997). Presumably, CNS activity is therefore likely to be 8, p ϭ 0.039, data not shown). We conclude from these disrupted in our Dgad1 mutants. However, in Drosophexperiments that the defect in neuromuscular transmisila, dramatic alterations of neuron excitability (Ͼ90%) sion measured in the gad mutants is due specifically to caused by mutations in neuronal ion channels (Broadie a significant loss of functional postsynaptic glutamate and Bate, 1993a) lead to defects much milder than those receptors.
observed in the gad mutants. Similarly, embryos exWe next determined whether the lack of synaptic glupressing transgenic neuronal tetanus toxin, or mutants tamate receptors was a result of defects in receptor for essential synaptic proteins such as syntaxin, synapexpression or localization by mapping receptor exprestobrevin, or Dunc-13, wherein communication between sion using focal application of glutamate ( Figure 6G these data argue that the severe postsynaptic defect motor neuron aCC, which innervates dorsal muscle 1, but not in motor neuron RP3, which innervates ventral seen in Dgad1 mutants is unlikely to be due to alterations in neuronal electrical activity. muscle 6 ( Figure 7C ) (Landgraf et al., 1997). Evegal4 is thus an excellent tool for selectively expressing genes If GAD is playing a novel developmental role independent of CNS activity, then GAD activity within the presynin presynaptic neurons of specific, identified neuromuscular junctions. aptic motor neuron alone should be sufficient to rescue the reduced glutamate receptor phenotype seen in gad
We used evegal4 to overexpress Dgad1 in an otherwise gad (null function) mutant background by conmutants. In Drosophila embryos, neural expression of the homeobox gene even skipped (eve) is restricted structing transgenic UASgad;evegal4,L352F embryos. These embryos are L352F mutant at the muscle 6 throughout axon outgrowth and synaptogenesis to a discrete set of motor neurons that innervate the dorsal NMJ, but overexpress WT GAD in motor neurons at the muscle 1 NMJ. Although still embryonic lethal, UASgad; musculature (Landgraf et al., 1997). Specifically, eve is expressed in only ‫4ف‬ neurons (out of ‫002ف‬ total) per evegal4,L352F embryos show partial rescue of behavior, with less severe defects in motor control, and can be abdominal hemineuromere (Ͻ2%), including motor neuron aCC, which innervates the most dorsal interior body easily differentiated from either WT embryos or homozygous L352F embryos based on behavior. wall muscle 1 (Baines et al., 1999). We utilized an evegal4 driver to specifically overexpress wild-type GAD (UASWe electrophysiologically measured glutamate receptor function in both the mutant ventral (muscle 6) and gad1) in this small subset of motor neurons that only innervate selected dorsal muscles. The expression patrescued dorsal (muscle 1) body wall muscles of UASgad; evegal4,L352F embryos and compared them to levels tern of this construct is shown in Figures 7A and 7B . Note in particular that evegal4 strongly drives expression in in WT and L352F homozygotes ( Figure 7D ). As shown in Figure 6 , L352F mutants have dramatically reduced are ‫%0001ف‬ those measured in the unrescued L352F mutant and 500% those measured in WT (WT muscle numbers of glutamate receptors in muscle 6, as assayed by short (100 ms) puffs of 1 mM glutamate onto the 1 ϭ 165 Ϯ 19 pA, N ϭ 16; L352F muscle 1 ϭ 86 Ϯ 8 pA, N ϭ 9; UASgad;evegal4,L352F muscle 1 ϭ 944 Ϯ 199 NMJ. Similarly, L352F mutants have significantly reduced numbers of receptors in dorsal muscle 1, compA, N ϭ 8). In summary, we have shown that decreasing levels of functional presynaptic GAD leads to fewer postpared to WT muscle 1 (WT ϭ 165 Ϯ 19 pA, N ϭ 16; L352F ϭ 86 Ϯ 8 pA, N ϭ 9, p Ͻ 0.0053). Thus, the synaptic glutamate receptors, whereas overexpression of presynaptic GAD leads to increased postsynaptic reduction in glutamate receptor levels due to nonfunctional GAD occurs at both ventral and dorsal NMJs, glutamate receptors. We conclude that the level of presynaptic GAD function is a critical regulator of postsynwhich represent the earliest and latest synapses to develop, respectively. Interestingly, the magnitude of the aptic glutamate receptor levels. These studies demonstrate that GAD function is rereceptor loss in muscle 1, although highly significant, is not as great as in developmentally older muscle 6 ‫%05ف(‬ quired specifically within the presynaptic motor neuron to regulate levels of postsynaptic glutamate receptors versus 85%), suggesting that receptor loss may increase during NMJ development. and thus rule out indirect effects from lack of GABAergic signaling throughout the CNS. Furthermore, the strength In striking contrast to unrescued L352F mutants, UASgad;evegal4,L352F embryos show an enormous inof the correlation between presynaptic GAD function and postsynaptic glutamate receptor levels, along with crease in receptors at the muscle 1 NMJ (where WT gad is overexpressed), but no significant increase in receptor the surprising fact that receptor levels can be upregulated many-fold (5ϫ) even compared to wild type, demlevels at the muscle 6 NMJ (where the WT gad transgene is not expressed aptic output during development. However, the role of activity in postsynaptic development has been obscured postsynaptic differentiation at the Drosophila neuroby conflicting results that on one hand suggest that muscular junction. presynaptic electrical activity is an important regulator but on the other hand show no strong requirement for Discussion vesicular exocytosis (Grinnell, 1995; Kirsch, 1999 (Figure 8 ). This finding is totally unexpected, since GAD's neuronal role has been tion, which is required for peptide exocytosis, also show normal receptor fields (R. Rendon, personal communithought to be restricted to the production of GABA from glutamate at GABAergic synapses. Like other animals, cation). Thus, we are left with the apparent paradox that presynaptic activity is being communicated to the Drosophila utilize GABA as an inhibitory transmitter within the CNS, suggesting that GAD in flies plays a postsynaptic muscle by means other than vesicular exocytosis. similar biosynthetic role (Hosie et al., 1997) this increase would quickly be returned to "normal" beThere are two possible mechanisms by which presynapfore most receptors recovered from desensitization. tic GAD could be affecting postsynaptic glutamate reOnly dramatic sustained changes in presynaptic activity ceptor levels: (1) GABA, which requires GAD for its synwould be expected to alter the extracellular glutamate thesis, acts as a trophic factor to induce glutamate balance long enough to downregulate receptors. receptor insertion in postsynaptic muscles. 
Could GAD also Be Important for Developmental

E2, E3, and E5 define a new complementation group which includes
Regulation of Glutamate Receptors in Mammals?
A9, C1, etc., from l(3)64A4a as described in Harrison et al. (1995).
Mammals contain two forms of GAD: GAD 65 and GAD 67 .
E4 complemented everything existing in the region at the time.
Mouse and human GAD 65 and GAD 67 share only about 65% identity with the other form within the same species glass suction pipette. To assay glutamate receptor function directly, Unexpectedly, RT-PCR of the 5Ј half of the Gad gene gave two a 100 ms pulse of positive pressure (2-4 psi) was delivered to a products very close in size to each other. When sequenced, the small-tipped ‫5ف(‬ m opening) pipette containing 1 mM glutamate smaller form proved to be identical to the published cDNA, and the dissolved in bath solution and kept frozen until a few hours before larger form had an extra 68 bases upstream of the first ATG. Genomic use. GABA (100 mM) was delivered using the same method. PicroDgad1 sequence also contained this 68 base fragment in its pretoxin (1 mM) dissolved in saline was delivered to the preparation dicted position between exons 1 and 2. This additional sequence by gravity-driven bath perfusion. Endogenous synaptic activity is had no ATG, so we do not predict an altered protein product. Preeliminated (by receptor desensitization) during the large current sumably alternative splicing is involved in regulation of Dgad1 exevoked by pressure ejection of glutamate (e.g., Figure 6D ), indicating pression.
that the synaptic receptors are indeed accessible and activated by pressure ejection of neurotransmitter. When nonsynaptic receptors Gad Biochemistry are activated (as in Figure 6G ), the endogenous synaptic currents Gad activity was measured as described in Phillips et al. (1993) . remain unaltered (data not shown). Samples consisting of 100 g head protein were assayed at 37ЊC
Signals were recorded with an Axopatch 1D amplifier and acfor 45 min. Assay buffer was 50 mM potassium phosphate, pH 7.2, quired with a computer using Pclamp 8 (Axon Instruments). All elec-1 mM DTT, 1 mM AET, 1 mM EDTA, 1 mM PMSF, 0.2 mM pyridoxal trophysiological data were analyzed using Clampfit 8 (Axon Instruphosphate, and 10 mM glutamate. The assay measures the converments) and Minianalysis 4 (Synaptosoft). Statistics were performed sion of [ 
